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The development of a novel polymer-based micro robotic gripper 
that can be actuated in a fluidic medium is presented in this report. Our 
current work is to explore new materials and designs for thermal actuators to 
achieve micromanipulation of live biological cells. We used parylene C to 
encapsulate a metal heater, resulting in a tri-layered thermal actuator (named 
'trimorph'). Parylene C is a bio-compatible dielectric polymer that can serve as 
a barrier to various gases and chemicals. Therefore, it is a suitable 
thermal/electrical/chemical isolation material for protecting the metal heater 
from being exposed to an aqueous environment. We have developed parylene 
actuators (2mmx 100|imx0.6|im) operating in liquid environment (e.g., DI 
water) with only 3V at ~33mA input to achieve full deflection (90" change of 
tip deflection). The temperature of these actuators at full deflection was 
estimated to be ~60°C, which is much lower than the typical requirement of 
>100"C to actuate other conventional MEMS actuators. Live Danio rerio 
follicles in fluidic medium were captured successfully using these actuators. 
Moreover, these actuators were found to be responsive to moderate rise in 
environmental temperature, and hence, we could vary the fluidic medium 
temperature to actuate trimorphs on a chip without any input of electrical 
energy, i.e., raising the fluidic temperature from 23"C to 60"C could actuate the 
trimorphs to grasp follicles of ~800|im size in diameter. At 6(fC, the embryos 
inside the follicles were observed to be alive. The fabrication process, modeling, 
and optimization of the trimoiph actuators are presented in this thesis. Based on 
the successful operation of these polymer-based actuators, we are currently 
developing multi-finger thermal microgrippers for cellular grasping and 
i 
manipulation, which can potentially be hybridly integrated with electronic 










0 0 微 米 X 0.6微米）能在液體環境裡操作(例如：去離子水）’只 
須用 3伏特 (〜 3 3微安培）驅動電壓就可以達到滿偏’相應的溫度約 
6 0度，大大低於傳統微型驅動器所要求的典型度（10 0度）。這個 
驅動器亦能隨著環境溫度的改變而偏折’因此它可不只用電能來驅動° 
將它本身的溫度升爲6 0度’我們亦成功利用這個驅動器抓持班馬魚的 
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Chapter 1 Introduction 
Microrobotics consists of a variety of research areas including 
microassembly (e.g., see [1]), microhandling (e.g., [2]), micro mobile robots, 
etc. Potential applications for microrobotics with growing interests are cell 
manipulation, cell isolation, and micro injection (e.g., see [3]). For example, 
biologists usually use pipettes for cell isolation prior to carrying out micro 
injection. However, the functionality of this method is limited by the size of 
the cells, i.e., the cells cannot be too small compared to the pipette; 
otherwise, a bundle of cells could be drawn into the pipette at once. In 
addition, the pipette cannot be used to rotate individual cells, a function 
which is highly desirable during a micro injection process. To address these 
problems, we are currently developing an on-chip microrobotic gripper 
system that can eventually be used to manipulate and isolate cells 
controllably, and that can potentially be used to conduct localized cell 
probing and measurement. 
1 
IJ Traditional methods of cell manipulation 
Normally, biologists use various types of pipettes for cell isolation, 
cell manipulation and cell probing, as shown in Figure 1.1. By combining 
different pipettes, micro injection can be performed (as shown in Figure 1.2 
(a)) for biological research. The pipette shown in Figure 1.1 (b) can be used 
to hold the cell. However, the functionality of this type of pipette is limited 
by the size of the cells, i.e., the cells cannot be too small compared to the 
pipette. In addition, the pipette cannot be used to rotate individual cells, a 
function which is highly desirable during a micro injection process. Also, 
the suction force for cell holding is hard to control. The captured cell is 
easily deformed or damaged as shown in Figure 1.2 (a). Another common 
way to handle cells is by means of Agarose gel. But, similarly, once the cell 
is fixed, it cannot be moved or rotated. Therefore, it is highly desirable to 
have a much more improved method for handling cells in a safe and 
controllable way. 
' ^ • • i I rnmaammmmmtim 
(a) Pipettes used for cell probing (b) Pipette used for cell handing and 
and injection. manipulation. 
Figure 1.1. Different types of pipettes [4]. 
1 
(a) Pipettes used to perform micro � Agarose gel for cell 
injection [5]. handling. 
Figure 1.2. Pictures of existing tools for cell-handling. 
1.2 New methods of cell manipulation using MEMS technology 
In order to have a safe and controllable motion for cell manipulation, 
a robotic hand with force and motion feedback control should be developed. 
Also, the robotic hand should be in the same scale of a biological cell. Our 
goal is to use MEMS fabrication technology to fabricate a micro actuator for 
cell grasping and manipulating. Many researchers have reported that their 
actuators can possibly be used for cell fixation and manipulation. These 
reported cell grippers operate under different physical principle: 
electrostatic, shape memory effect, pneumatic, electromagnetic, thermal, etc. 
Each of them has its own advantages and disadvantages as discussed in the 
following section. 
1. 2 . 1 Electrostatic actuation 
For electrostatic actuators, they basically consist of two parallel 
plates with opposite or same polarities which can either attract or repel each 
other. The electrostatic force (F) between two parallel plates can be 
described by the following equation. 
2 
(丨） 
where £ �i s the dielectric permittivity of the medium and V is the voltage 
between the plates, W is the width, L is the length of the plates, and d is the 
separation gap. An example of an electrostatic actuator which acts as a 
micro-valve is shown in Figure 1.3 [6J. The actuator is initially curled up 
due to intrinsic stress developed during fabrication and a pull-in voltage of 
30V is needed to actuate it. One of the advantages of electrostatic actuation 
is that it does not require significant power consumption compared to other 
actuation methods such as thermal and electromagnetic. However, the 
actuation voltage is always high, which makes these actuators not practical 
to function in an ion-rich fluidic environment. Thus, they are not suitable for 
grasping cells under an aqueous environment. Also, since the actuation is 
based on electrostatic forces, the forces are sufficient only when the gap 
distance between the electrodes is small. Therefore, the working distance of 
an electrostatic actuator is small. 
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Figure 1.3. A micro-valve electrostatic actuator [6]. 
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1. 2. 2 Shape memory effect 
"Shape memory" refers to the ability of a material to restore to a 
predefined shape when it is heated. Ni-Ti is a common shape memory alloy 
(SMA). One of the examples of shape memory actuator is shown in Figure 
1.4 17]. 
WM. ^ 
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Figure 1.4. SMA loop actuator and its scanning electron microscope (SEM) picture [7]. 
It is a loop actuator with two beams, which is curled and closed 
when heated. However, it is common for SMA that it cannot go back to its 
deformed shape again without an external force. That is, once the actuator is 
actuated and restored to its original shape, it requires an external force to 
pull the actuator back. This problem can be solved by designing a two-SMA 
actuator device, which can pull against each other as described in [8]. But, 
the structure becomes more complicated. Also, it requires a high 
temperature change (~300K) in order to restore the original shape. 
Therefore, it greatly affects the surrounding temperature and is difficult to 
operate under an aqueous environment due to high heat dissipation. 
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1. 2. 3 Pneumatic 
Pneumatic actuation is based on the pressure difference between two 
media. Actuators are usually built on top of a thin layer membrane or 
diaphragm. By varying the pressure inside the diaphragm, the diaphragm 
will move up or down and causes the actuator to bend. An example is shown 
in Figure 1.5 19]. The actuator is connected to an electropneumatic pump to 
control the actuation pressure. The biggest problem with this actuation 
technique is that individual robotic fingers cannot be controlled as the 
diaphragm can only be used to open and close all the fingers collectively. 
� j ^ * Cage 
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Figure 1.5. Pneumatically drive microcage [9]. 
1. 2. 4 Electromagnetic 
The design for electromagnetic actuators is quite simple. It requires 
two magnets, either electromagnets or permanent magnets. An example of 
an electromagnetic actuator is shown in Figure 1.6 [10]. Due to the change 
5 
of polarity of the electromagnets, the actuator will be repelled or attracted. 
However, it is hard or nearly impossible to deposit a layer of magnet on top 
of an actuator that is in the micro/nano scale. Therefore, it is difficult to use 
it to grasp biological cells, which are always in micro/nano scale. 
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Figure 1.6. Magnetic actuator for out-of-plane motion [10]. 
1. 2. 5 Thermal 
Thermal actuation is one of the most common actuation principles. 
The design of these actuators is also quite simple. It consists of at least two 
structural layers in contact. Due to the difference in the coefficients of 
thermal expansion between the layers, a stress gradient and thus bending 
6 
moment, will be developed when the actuator is heated. The bending 
moment will cause the bending of the actuator. An example is shown in 
Figure 1.7 [ l l j . Thermal actuators require relatively high power and, like 
SMA, they will affect the surrounding temperature. So, it is difficult for 
them to operate in aqueous environment. As an example shown in Figure 
1.7 [11], the actuator requires more than lOOV for actuation in water 
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Figure 1.7. A C-shape thermal and electrostatic actuator [11], 
13 Objective of this project 
As discussed above, it is commonly known that most of the existing 
MEMS actuators are limited to specific or narrow applications due to their 
limited displacement, force output, and necessary working environment. As 
mentioned by S. Shoji [12]，each micro actuation principle, including 
electrostatic, piezoelectric, electromagnetic and thermal, has their own 
advantages and disadvantages. To re-iterate, the problem encountered in 
electrostatic and piezoelectric actuation is limited deflection. Magnetic 
7 
actuators currently still need off-chip magnetic source to actuate them 
effectively. Thermal actuators, however, can produce large force and 
deflection but they require large power and may affect the temperature of 
the surrounding environment. For our purpose of micromanipulation, more 
specifically for cell manipulation, actuators are required to operate in 
biological fluid environment. Electrostatic actuation is inefficient in ion-rich 
fluid and the working distance is small [11]. In our project, we used 
polymers and metal heaters to create a novel low-power thermal actuator in 
developing a cell grasping system. This novel actuator uses the polymers to 
isolate heat under operations in an aqueous environment, and hence, it 
consumes much less power than conventional thermal actuators. Details of 
its design will be described later. 
However, for thermal actuators to operate in aqueous environments, 
heat convection to a solution medium can be as significant as conduction to 
the substrate. Consequently, micro actuation in an aqueous medium requires 
a much higher input power than actuation in air. G. Lin et al. [11] have 
demonstrated a 2-layer thermal/electrostatic actuator (200|imx45|imxl. 1 \xm 
with polyimide/Au layers). This thermal electrostatic actuator can operate in 
air with 7V at 4mA. However, for actuation in liquid, it requires voltage as 
high as lOOV and causes overheating of the actuator. M. Ataka et al. [141 
have also fabricated a thermal bimorph actuator (500|imx 100|Limx6|J,ni with 
polyimide/Au layers). The temperature of the actuator rose up to 260°C for 
actuation, which will definitely kill cells. 
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Owing to the disadvantages of silicon- and metal- based thermal 
actuators to operate in aqueous environments, new materials and designs for 
thermal actuators must be explored to achieve micromanipulation of live 
biological cells. In our project, parylene C was chosen to encapsulate a 
middle metal heater, resulting in a tri-layered thermal actuator. Parylene C, 
which is a polymer, has excellent mechanical and electrical proprieties. A 
comparison between the properties of parylene C and common used 
materials in MEMS is shown in the table below. 
Table 1.1. Comparison on physical properties of various thin film materials. 
I Coefficient of Density Young's Thermal 
thermal expansion [kguT、] Modulus Conductivity 
(CTE) [K-'] [GPa] [Wrn 'R-'] 
Platinum 8 . 9x10 ' 2150 i47 ^ 
[13] 
Poly Si [13] 2 .33x10 ' m 28 
SiO'[13] 0 . 4 x 1 0 ' 74 1.38 
^ S i [13] 2.6x10 ' ^ 1 6 2 170 
Polyimide 5x10-' U 10 -1-731" 
[11] 
Parylene 3.5x1 ()-' 3 2 0.082 
(：•  
* Material properties of parylene product from Cookson Electronics 
** Material properties from eFunda 
Parylene C has a large coefficient of thermal expansion (CTE) and a 
high dielectric constant. It can withstand temperatures up to ~ 180°C and is 
extremely conformal [15]. It is bio-compatible and can serve as a barrier to 
oxygen, moisture, chemicals, solvents, and carbon dioxide [16]. Therefore, 
we have chosen it to protect the metal from be exposed to fluid while the 
actuator is working in an aqueous environment. Moreover, as the metal 
heater is covered by parylene, heat can be trapped and thus heat loss to the 
9 
surrounding can be reduced. Also, it can protect the metal layer from 
reacting with the fluid. Parylene C has been used to create microfluidic 
devices such as microchannel [17] and micro check valve [18] by other 
researchers. In this project, we explored the advantage of using parylene to 
potentially develop a polymer-based micro thermal gripper for 
micromanipulation in an aqueous environment to capture cells. 
In Chapter 2，a literature survey on the existing devices for cell 
manipulation will be presented. Then, we will describe the design, 
fabrication process and experimental work of our thermal actuators in 
Chapter 3’ 4 and 5’ respectively. Afterwards, a computer controlled gripper 
system will be proposed in Chapter 6. Finally, a summary and suggested 
future work will be given in Chapter 7. 
10 
Chapter 2 Literature review 
Owing to the growing interest in biomedical research, many 
researchers have tried to develop tools for handling cells or DNA. Many 
literatures have reported work on micromanipulation. However, for 
biological micromanipulation in aqueous environment, few literatures can 
be found thus far. Nevertheless, there are still a few key literatures reporting 
on cell/micro-object manipulation. 
P M l 
7.6mm — 
Figure 2.1. A micro manipulating system with a PZT gripper at the end effector [19]. 
M. C. Carrozza et al. [191 have reported a two-finger microgripper, 
which is fabricated by using LIGA technology as shown in Figure 2.1. This 
gripper is actuated by PZT materials and the required voltage for actuation 
is up to lOOOV. They demonstrated cell grasping of plant and animal cells in 
liquid solution. However, the disadvantages of the gripper are its relatively 
large size of gripper compared with the biological cells and its requirement 
of high actuation voltage. 
11 
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Figure 2.2. A multi-finger microcage [9]. 
J. Ok et al. [9J have reported a microcage for capturing a colonial 
volvox (~400|im) under springwater as shown in Figure 2.2. It is a multi-
finger pneumatic gripper with each finger of 1000|Lim in length. One of the 
its problems is that the curling of the finger is caused by the mismatch of 
residual stress inside a bimorph beam. So, the radius of curvature of the 
finger is predefined and cannot be changed while actuating. W. H. Jager et 
al. [20] have fabricated a microrobotic arm linked with a gripper at its end 
and have demonstrated grasping of a glass bead (lOOjim) as shown in Figure 
2.3. It is made of a kind of conducting polymer called polypyiTole(PPy). 
PPy changes its volume by carrying out oxidation or reduction. Therefore, if 
another layer of material is deposited on top of it, stress gradient will be 
developed when PPy changes its volume. As a result, bending will occur. 
But, the actuator can work only under ion-rich fluids. 
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Figure 2.3. PPy-based gripper [20]. 
As discussed above, there is no gripper that can work well in 
aqueous environment for cell grasping. Most of them either required high 
voltage and power or are limited to work in a specific environment. 
Therefore, our goal is to develop a gripper that is suitable for cell grasping 
in an aqueous environment and requires low actuation power. 
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Chapte r 3 Design, model ing and heat 
t ransfer ana lys is 
3.1 Design and the temperature-radius relationship of thermal 
actuators 
The motion of this polymer-based thermal actuator can be estimated 
by a three-layer cantilever beam model. In our current design, the middle 
layer is platinum and the top and bottom layers are parylene. When current 
passes through the platinum, the entire structure will be heated up. Due to 
the difference in coefficient of thermal expansion (CTE) between platinum 
and parylene, each layer will expand differently and lead to the curling up of 
the beam. By considering the interaction of forces and moments between the 
layers, the bending radius of curvature r due to temperature change M can 
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The subscript i is the parameter for the /"'-layer. In the above equations, a, t, 
b, E and I are the coefficient of thermal expansion, thickness, width, 
Young's modulus and moment of inertia of the corresponding layers, 
respectively. The vertical displacement of the beam can be calculated by the 
following equation, in which L is the length of the beam: 
/^ = / i l - c o s ( - ) l (7) 
r 
Figure 3.1. Definition of the radius r and deflection d. 
From (2), the bending radius is inversely proportional to temperature 
change, and in our case, AT=40°C is set as the maximum allowable 
temperature change. For this AT, biological cells may still survive. In order 
to have a smaller radius of curvature for a beam with less temperature 
change, it is necessary to minimize the function g(A,B,C,D), which is a 
function that is inversely proportional to the difference in CTE of the layers, 
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i.e., if the top and bottom layers of the polymer-based actuator are made of 
the same material, g(A,B,C,D) is inversely proportional to (ai,euter-0(puryiene). 
Therefore, one way to optimize the design is to maximize the CTE 
difference between the metal heater and the parylene. Another way is to deal 
with the thickness and width of the beam. In our case, it was assumed that 
the widths of the top and bottom layers are the same. The function 
g(A,B,C,D) can be rearranged such that it depends only on t/, t2h tn, E21, E^j 
and h2i, where Ejj is the Young's modulus ratio of layer i to j. Since 
g(A,B,C,D) is an unbounded function, we cannot find a closed form solution 
for optimizing those variables. The relationship between the radius and the 
thickness ratios is shown in Figure 3.2. The thickness ratio of layer i toj is 
given by r". According to (2)，,2/ and 131 should be small in order to give a 
smaller radius of curvature. But, ti should also be small. Therefore, it was 
necessary to perform a numerical analysis for solving tj, ？2/ and r." in a 
certain range. And, it was found that tj has greater effect on the radius. After 
the values of thickness were determined, we found the optimal width ratio 
h2i by (8). Then, by arbitrarily choosing bi, h2 can be determined. 
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Figure 3.2. Relationship between radius and thickness ratios. 
3.2 Heat transfer analysis 
Conventional MEMS thermal actuators require relatively high 
actuation power in aqueous media because much of the input power is 
dissipated in the form of heat by: 1) conduction to the substrate by the small 
contact area between the substrate and the actuator (anchor), and 2) 
convection to the surrounding fluid environment (see Figure 3.3). For the 
anchor, since the conduction path to the substrate is very short, i.e., a few 
microns of thin film thickness, thus, the heat conduction rate becomes faster 
and more energy input is required. In addition, for actuation in an aqueous 
environment, heat loss to liquid is much greater than that to the air, e.g., the 
convective heat coefficient of water is -40 times higher than that of air. 
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Figure 3.3. (a) Illustration showing the cross-section of the thermal actuator; the heat 
transfer mechanisms of the actuator are also shown, (b) The corresponding equivalent heat-
transfer circuit. 
3. 2 . 1 Heat dissipation from the actuator 
The input energy into the actuator is generated by passing a current I 
through a platinum heater with resistance R and volume V. There are two 
different mechanisms for the energy loss: convection to the surrounding 
fluidic medium and conduction to substrate. By considering the control 
volume of the platinum heater and applying the heat equation, we get 
„ . dT 丁一丁aiirface T —T^ � �� 
PL p^plalinuw 二 "17" ^plalinwu 一 V" JT 十 ~ 77 )，（) 
^ ^ purykiw ‘ parylene ^^.siihslralc siihstnite 
where p, C,,，V and are the density (kg irT、)，specific heat capacity 
(J kg''K"'), volume ) and thickness (m) of the platinum heater, 
respectively. T is the temperature (K) of the platinum heater. Ts„rface is the 
temperature (K) on the parylene surface. To, is the ambient temperature 
(K). The b—e,w and k—eiw are the thickness (m) and thermal 
conductivity (Wm"'K'') of the parylene layer, and ^substrate and ksuhstrate are 
the thickness (m) and thermal conductivity (Wm"'K"') of the substrate. 
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We assume that the temperature of the substrate is always equal to 
the ambient temperature (297K). In order to eliminate Tsmface in (9)，we apply 
the heat equation to the control volume of parylene layer and obtain: 
T "^surface _ '^surface ^oo (|。） 
b 丨mryhme ^ ^ parylene ^ ^  ^^meditim 
Then, from (9) and (10), we obtain: 
^ . dT ^I'R T j ^  
r^ p pluiiniim ^ 一 » r platinum L \ _i_ /I ! U \ 






"/nterna/ - ^resistive ^^medium ^substrate ^  ‘ (12) 
where hmedium is the convection heat transfer coefficient of air or water (Wm" 
2K-丨). 
In (12), there are two terms of heat l o s s :仏了 a n d q:‘、加丨,，which 
are heat convection to air or water through parylene layer and heat 
conduction to the substrate, respectively. If we multiply the 'area' term (A) 
with (11)，the following equation can be derived: 
P^,y =“尺-[— — ； n , , r ^amveclion 
paryleni'/w/".�’"'"'')十(丄) (13) 
T-T 
^ A 1 
. .I conduction J 
substrate substrate 
By using the above equation, a comparison between the heat loss 
through convection in water and air and conduction through an actuator's 
anchor for various substrate materials is given in Figure 3.4. For this 
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comparison, a small anchor area of 25iim x 12.7|im, parylene top layer 
thickness of 0.1 )im, bottom layer thickness of 0.3)im, and platinum layer 
thickness of 0.2|im with resistance (measured) of 90Q were used in the 
calculation. An ambient temperature of 23°C was also assumed (all other 
relevant physical parameters are given in Table 3.1). 
, k p „ r y i c „ o =0 082 (W/niK) kpMMA =0.215 (W/niK) 
10 厂 k购s、=l l(W/niK) ksiuc™ =148 (W/mK) 一 
h„ir = 3 . 0 1 ( W / n r K ) 
10: Iw 
O ： ''M^T \ Design space :：< 60"C and 
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• f j / ； C o n d u c l i o n to silicon 
Conduction to PMMA 
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Figure 3.4. Comparison of heat loss of the actuator through conduction for various substrate 
materials and through convection to air and water. 
Table 3.1. Parameters used and their values 
PARAMETERS VALUES — 
bsiibsiriile 5 0 ( ) | i m  
bpiirylene_boliom ().3|Xm 
t*par> lenc_lop (). 1 M^m 
h ~ 3.0124 Wm -K'' 
i w 1578 W m t ' 
kparyenc 0.082 Wm 'K-' 
ksubs,ra,e(silicon) 148 WnV'K ' 
In Table 3.1, most of the parameters are constants and unaffected by 
the geometry of the actuator. However, the convective heat transfer 
coefficient of the fluidic medium (liwater or hah) depends on geometry of the 
actuator and also how the fluid flow (laminar or turbulent flow). From [211， 
2 0 
the method in finding a heat transfer correlation for external flow over a flat 
plate is given. First, we consider a flat plate of length L in the flow direction 
as illustrated in Figure 3.5. The Nusselt number is given by 
I j_ 
yVM = 0.664 R e i p r S . (14) 
In the above equation, Re is the Reynolds Number which depicts the 
nature of the flow, i.e., the ratio of the flow inertia over viscous force. It can 
be calculated by 
Re = 化 . (15) 
The fluid flow is laminar if < 5 x The u is the fluid flow 
velocity and pi is the fluid viscosity. The Pr is the Prandtl number which 
determines the effect of the fluid properties on the heat transfer. It is the 
ratio of the molecular diffusivities of momentum and heat. It can be 
determined by 
Pr = ^ . (16 ) 
k 
In (16), c is the specific heat capacity and k is the thermal 
conductivity of the fluid. The Prandtl number and other physical 
parameters of the fluid at different degree Celsius can be found in 
Appendix A.2 which includes both air and water properties. Finally, the 
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Figure 3.5. Fluid flow over a flat plate. 
By combining (14)-(17) and using the dimension of our actuator 
(2mni X lOOum x 0.6 ^m), the Kate,- and /！“". can be estimated as shown in 
Table 3.1. The convection heat loss in water is almost 2 orders of magnitude 
higher than in air, and therefore, minimizing the convection to aqueous 
environment is important in minimizing a thermal actuator's energy 
consumption. By using parylene, which has a lower thermal conduction than 
other standard MEMS insulators, convection loss can be reduced. However, 
as shown in Figure 3.3, the most significant heat loss is by conduction to the 
Si substrate through the small anchor area. If substrates such as PMMA or 
glass are used, the conduction heat loss can be significantly reduced, but more 
complicated fabrication procedures are needed in order to process on these 
substrates. Nevertheless, the graph also indicates that the tri-layer parylene 
actuators may function at 60"C with total power consumption of <100mW 
(design space, see Figure 3.4). This power consumption is comparable to 
many reported MEMS underwater actuators while allowing this polymer 
actuator to operate at a much lower temperature. 
2 2 
3. 2. 2 Thermal transient response in liquid environment 
To estimate the thermal transient response of the actuator, a simple 
analysis was performed to estimate the required time for it to dissipate the heat 
generated by its heater. The temperature response of a body initially at 
temperature 7] immersed in a fluid medium of temperature T � can be solved by 
the following equation [22]: 
[T - ) / ( r , - r j = exp[- (M�. IpCW >] (18) 
In the above equation, p, C, and V are the density, specific heat 
capacity, and volume of the heated material respectively. And A^  is the 
convective surface area, and h is the convective heat coefficient. The time 
constant for this exponential function is: 
r = ( l / M , ) ( Y A C V ) ( 1 9 ) 
Hence, with Kate,- ~ 1 5 7 8 W W k and h(丨丨,-~5WWk, the time constant 
for convection in water is -40 times faster than in air for a given heater. 
Consequentially, even though the heat loss rate for the actuator is greater in 
liquid medium than in air, the heat generated by the heater can be dissipated 
in liquid faster, allowing the actuator to return to its original unactuated 
position in a shorter time. 
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3,3 Temperature，radius of curvature and tip deflection and 
actuation voltage relationship 
From (13), the dynamics of the heat transfer of a cantilever actuator 
can be deduced. By considering a steady state system, the temperature of the 
actuator vs. its actuation voltage can be derived. In a steady state, the heat 
generated and lost is balanced. Therefore, there is no change in the internal 
energy of the Platinum heater. Equation (13) can be expressed as 
T - T^ T -T^ 
7 八一 77 77 7 TTTT r ^amvection 卞, ,i amductkm 
(办/,"n’/<'m' ‘ ^ parylene ) + (• ' ",„«/;,//;; ) suhstrate , siibsirate 
(20) 
From (20), the relation between T and I can be found (see Figure 
3.6). By using Ohms Law, V=IR, the relation between T and V can also be 
found (see Figure 3.7). Also, by combining (20) with (2)，the relation 
between the actuation voltage and the tip deflection can be derived. In this 
analysis, we considered the case for underwater actuation only, since our 
purpose is to grab cells. 
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Figure 3.6. Temperature of the Pt heater vs. current. 
Temperature vs. actuation voltage 
80 1 1 1 1 1 
0 i 丨 丨 i /; 
a> 70 _r I- ； ； /--T -
丨 丨 丨 丨 / i 
1 丨 丨 丨 丨 / I 
fe 60 r r t I -
TO ！ ! ： • 
^ 丨 丨 丨 / 1 i 
^ 50 i i i - - - - -： /… i … … — - - i -1 i ： i / 丨 I 
o i 丨 y 丨 
2 40 i - … … - - - - … … - y - -
a : : Z \ : ： 
2 : : Z : 丨 ： 
^ 丨 丨 丨 i 
g ；--二：:力…-----…i i-----•--…i -
— - 一 z - 广 丨 丨 丨 丨 
201 1 1 i i i  
0 0,5 1 1.5 2 2.5 3 
Actuation voltage (V) 
Figure 3.7. Temperature of the Pt heater vs. actuation voltage. 
By combining (2)，(7) and (20)，the relations between the radius of 
the curvature and tip deflection of the actuator vs. actuation voltage can be 
obtained as shown in the figures below. In Figure 3.9, there is a peak in the 
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curve at V~2.8. This is the point of which the full deflection can be obtained 
theoretically. Therefore, our designed actuator can theoretically work under 
applied voltage of 3V. 
Radius of curvature vs. actuation voltage 
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Figure 3.8. Radius of curvature vs. actuation voltage. 
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Figure 3.9. Tip deflection vs. actuation voltage. 
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All of the above graphs were plotted based on the assumption of 
underwater working conditions and building the structure on a silicon 
substrate. According to section 3. 2. 1, it was shown that the heat loss can be 
reduced by replacing the silicon substrate by PMMA. A comparison on the 
actuation voltages of an actuator with dimension 2mm x 100|j,m x 0.6 |im 
and different working conditions is shown in the figure below. In the 
calculation, we assumed that the thicknesses of PMMA and silicon substrate 
are the same. As shown in the figure, the actuation voltage can be much 
reduced by using PMMA substrate since its value of thermal conductivity is 
smaller. As mentioned earlier, processing on PMMA will be much more 
complex than on silicon, so experiments on PMMA substrates will be 
explored in a more advanced study by other researchers in our group. 
” X 10.3 
11>|~ I I 1 1 1 
Silicon &waler / " T \ ~ \ 
——Silicon & air / ： \ X ： \: 
PMMA & water ： A ： / \ 
——PMMA & air i / \ ^ 
. 1 I — . . . . . . . . . . . i \ 
1 ！ m \ \ \ 
0 5 — y … 人 一 -
1 / / i / 丨丨\ ; / 
_ I i\.：/ 
0 ^ I ！ I 1 
0 0 5 1 15 2 2 5 3 
Voltage applied 
Figure 3.10. A comparison of the performance of an actuator with different working 
conditions. (Silicon (Si) or PMMA, in water or in air) 
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Chapte r 4 Fabr icat ion process of the 
the rma l ac tuators 
In this chapter, the fabrication process flow of the thermal actuators 
will be discussed. During the fabrication process, many problems were 
encountered in but were solved eventually. Typical problems include 
stiction during the release process, and poor adhesion between layers. In the 
following sections, basic processes involved in fabricating our device will 
be discussed, together with the problems that occurred and their 
corresponding solution. 
4,1 Basic processes involved in fabricating the thermal 
actuators 
4 . 1 . 1 Photolithography 
Photolithography is a way to transfer pattern from masks to thin 
films by UV light. Polymer materials, which are sensitive to UV light, are 
used as a medium for pattern transfer from mask to thin films. The materials 
used for this purpose is called 'photoresist'. There are different types of 
photoresists: positive, negative and positive/negative. In the following 
sections, the method of applying photoresist, lithography process and 
methods for alignment are discussed. These are the fundamental processes 
in fabrication. 
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4 . 1 . 1 . 1 Spin on and pattern photoresist 
When dealing with surface micromachining, photoresist is often used 
for pattern transferring onto the material underneath. Photoresist (PR in short) 
is a photo sensitive material, in which the chemical bonding inside changes 
when exposed under UV light. PR, normally, can be classified into positive and 
negative. The difference between positive and negative PR is shown in Figure 
4.1. However, for some PRs, their photosensitive property can be changed 
(positive or negative) after performing image reversal. 
_ 
UV light PR that will be 
j j j j j 各 j ^ i i T T T T washed away by PR 
• I Mask I III—11 • developer 
I _ I PR _ _ 
(a) Negative PR (b) Positive PR 
Figure 4.1. Difference between positive and negative PR after exposing. 
The PR used in this project was AZ5214E. It is a positive PR, but it 
becomes negative if an image reversal process is carried out. AZ5214E can be 
applied to any surface by spin coating. The thickness of AZ5214 can range 
from l|im to 1.6[im. It can be made thinner if the PR is diluted by a PR thinner. 
Its thickness mainly depends on the viscosity of PR and spinning speed. The 
speed of our spinner can range from 0 ipm to 6000ipm. The thickness versus 
spinning speed is shown in Figure 4.2. 
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Figure 4.2. Thickness of the PR versus spinning speed. 
After spinning on PR, soft bake is required. The purpose for soft bake is 
to provide sufficient chemical resistance and adhesion so that the unexposed 
areas of the coating will not be attacked by the developer. The soft bake is 
carried out by hot plate. The temperature for soft bake should not be too high 
and also the time should not be too long. If either of the parameters is not 
optimal, the PR will be harden and cannot be etched away by the developer. 
The time and temperature for soft bake we used were 60sec and 6(fC. After the 
soft bake, the PR was exposed with an UV source. A Karl Suss aligner was 
used and the energy required was set to 350mJ/cm^. The expose time we 
calibrated was 60sec. Then, the PR was developed by the AZ300 developer 
until a clear pattern can be seen. Alpha-step was used to measure the step of the 
pattern in order to make sure the PR was fully developed. Then, the substrate 
was rinsed under DI water and dried by nitrogen gas blowing. In addition, the 
PR can be washed away easily by acetone or PR stripper if removal of PR is 
desired. The above photolithography process was used through this project. 
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For the image reversal process, after the first exposure, a hard bake was 
required. The purpose of hard bake was to harden and promote better adhesion 
of the PR. The time and temperature-were 60 seconds and 100"C, respectively. 
Then, a flood exposure was required with the same setting as the first exposure. 
Flood exposure means the PR is exposed without any cover of mask. This flood 
exposure will change the chemical cross-link in the PR and reverse the pattern 
which can then be etched by the developer. A reverse pattern of a mask can be 
obtained by going through this image reversal process. 
4.1. 1. 2 Methods for alignment 
The alignment system used was a Karl Suss MA4 mask aligner. As it is 
stated in the above section, the UV power used was 350mJ/cm^. 
Figure 4.3. Alignment marks. 
The smallest feature size that can be aligned by this aligner is ~l|im. In 
order to align the mask and substrate efficiently, rules were developed for 
alignment design and alignment method. In fabricating an actuator, several 
masks were needed. The function of the alignment mark is to make sure exact 
pattern transfer from layer to layer accurately. There are two common types of 
alignment marks as shown in Figure 4.3, where the purple and blue marks 
represent different layers. By overlapping the alignment marks in different 
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layers, the pattern can be aligned. In order to align the two layers efficiently, 
steps were followed as shown in Figure 4.4. First, either one of the alignment 
mark is chosen as the reference for alignment. For example, as shown in Figure 
4.4 (a), the left alignment mark is chosen. Then, the goal is to align that 
alignment mark together mark in a different layer by performing translation in 
X- and y-direction only, i.e., make the points A and A' coincide. A rotation 
alignment can be used to improve alignment by adjusting the inclined angle 0 
to be zero as shown in Figure 4.4 (b) and (c). However, the point A can shift 
away from A，after the angle 6 is adjusted. So, a translation should be perform 
again to align A and A\ The alignment of these marks can be made by 
performing the translation and rotation alternatively until a reasonable 
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Figure 4.4. Method for aligning two layers. 
4 . 1 . 2 Lift off and etching processes 
The purpose of the PR is to use it as a mask for patterning materials 
underneath or on top of it. If the material needed to be pattern is below the 
PR, the patterning process is called "etching". On the other hand, if the 
material is on top of PR, the process is called "lift o f f . These two processes 
are shown in Figure 4.5. 
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Figure 4.5. Etching and lift off process. 
For the etching process, it is common to use positive PR for 
transferring the required pattern. The material (e.g., metals) underneath can 
be etched by using the corresponding etchant as shown in Appendix A.3. 
This is called "wet etching" and the most important point is that the selected 
etchant must not etch PR. The PR, therefore, acts as a protective mask for 
the metal below. However, if the materials below are polymers, dry etching 
is often used instead. Oxygen plasma is an example of dry etching process 
which is able to etch polymers. In this project, since parylene is used, 
oxygen plasma is selected to etch it. However, one of the disadvantages is 
that oxygen plasma will etch PR also. Therefore, the etch rate of the target 
material should be greater than that of PR. Otherwise, we cannot use plasma 
to transfer the pattern. It is found that the etch rate of parylene is nearly the 
same as that of PR. But, since the thickness of parylene we deposited is 
much thinner than that of PR (around 5 times). So, it is still possible to use 
oxygen plasma to etch parylene with good time keeping. 
3 4 
For the lift off process, the pattern on PR is often defined by an 
image reversal process as shown in Figure 4.5 (b). In this process, acetone is 
used to wash away the PR. However, sometimes, acetone cannot go through 
the material on top and etch PR below. However, ultrasonic can be used to 
enhance the lift off process in this case. 
4 . 1 . 3 Sacrificial release process 
Sacrificial release process is, often, the final stage of a MEMS 
fabrication process. The purpose of it is to release structures attached to the 
substrate and make them stand freely. Aluminum, PR and silicon dioxide 
are the most common materials used as the sacrificial layers. In fact, all 
materials can be used as the sacrificial layer provided that the selected 
etchant, which is used to sacrificial release the structure, does not etch the 
structural parts. 
One of the major problems encountered for sacrificial release is that 
the structure sticks easily to the substrate. The main cause is the presence of 
the air/liquid interface, which creates a downward pulling capillary force on 
the structure. As illustrated in Figure 4.6, this surface interaction between a 
structure and the substrate should be significantly reduced if a movable 
micro mechanical structure is to be created. 
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) 令 + + + etchant 
^substrate 
Figure 4.6. Problem encountered for sacrificial release 
For example, a small quantity of etchant remains between the 
structure and substrate, while the etchant dries up. So, the surface tension 
force will try to pull the structure down and make it stick on the substrate. 
Once it is stuck on the substrate, it is very difficult to release it again. In 
order to overcome this problem, the most common way is by using the 
critical point drying method to release the structure. The concept of this 
method is to avoid the rinsing solution of the structure to pass through the 
liquid-gas line as shown in Figure 4.7. After a structure has been released, it 
should be put under IPA or acetone and transferred to the critical point dryer 
(CPD) immediately. The IPA or acetone is replaced by liquid carbon 
dioxide during the process, which is normally used in critical point drying 
method. Then, by setting the desired temperature and pressure such as those 
shown in Table 4.1，the critical point of liquid CO2 can be reached. The 
phase of the solution falls inside the supercritical region, where the liquid 
and vapour can co-exist with the same density. In this region, the liquid CO2 
changes to vapour without changing its density and, therefore, surface 
tension effects can be eliminated. After going through this critical point 
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drying process, a structure can stand freely in the air without sticking on the 
substrate. This process was used in our project to develop actuators that 
function in air. 
I \ Supercritical 
I region 
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Figure 4.7. Principle of super-critical drying. 
Table 4.1. The setting of parameter involved in the CPD process used in this project. 
PARAMETER(S) V A L U E ( S ) ‘ “ ~ “ 
Start pressure 50bar 
Start temperature 1 TC 
Number of purge cycles 80 
Critical temperature of CO2 31 "C 
Critical pressure of CO2 73.8bar 
Even though some of our actuators are made to work in an aqueous 
environment, the stiction problem may still exist when the substrate is 
transferred from solution to the working solution. These solutions are 
typically easily dried out in air such that the downward pulling force still 
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exists. Therefore, steps were taken in order to avoid this stiction problem. 
For instance, after releasing the sacrificial layer, we need to put the substrate 
inside water for testing. If we just take it out from tank A to air and put it to 
another tank B which contains water inside, the structure will definitely 
stick on the substrate because the etchant will dry up in air quickly. Thus, 
the following the steps shown in Figure 4.8 may be used to alleviate this 
problem. For example, if we want to put the substrate under water after the 
release process, the water must be pour into the same tank which contains 
etchant, and, at the same time, the etchant must be simultaneously until all 
the etchant is replaced by water. This process can prevent the substrate from 
being exposed in air and eliminate the stiction problem. 
Etchant ^ . � .P o u r in water 
(for sacrificial release) ^^^hant out / 
^ c • • I •—— 
(b) (c) 
substrate ^ ^ ^ ‘ " 
Figure 4.8. Method of fluid exchange. 
4 . 1 . 4 Deposit ion 
Besides the subtraction process (etching) we discussed, there are 
"addition" processes for depositing materials. Based on the material 
requirement and desired condition for deposition, different deposition 
methods can be used. The most common types are, for examples, E-beam 
deposition, sputtering, thermal evaporation, thermal oxidation and chemical 
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vapour deposition. In this project, sputtering, thermal evaporation and 
oxidation were used and discussed below. 
4.1. 4. 1 Sputtering 
Among all the deposition techniques, sputtering allows us to deposit 
thin film at a relatively low temperature (—ICKfC). Therefore, it was chosen 
as the deposition technique for depositing our platinum layer since one of the 
structural layers (parylene) melts at around 200''C. 
For the sputter machine used, argon plasma is induced inside it at a low 
pressure. Then, it is accelerated and hits the target (source material). Then, 
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Figure 4.9. Schematic of sputtering deposition. 
4.1. 4. 2 Thermal evaporation 
Thermal evaporation is also a kind of thin film deposition method. The 
source material is placed inside a filament (Tungsten) as shown in Figure 4.10. 
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When current is passed through the filament, the filament heats up and melts 
the source. The atom of the source is released and deposited over the substrate. 
The deposition temperature is extremely high, which is around few hundred 
degrees Celsius. However, in our process, it was used to deposit aluminum as 
the sacrificial layer for our device. The deposition temperature of the machine 
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Figure 4.10. Schematic of the thermal evaporation process. 
4. 1. 4. 3 Thermal oxidation 
Thermal oxidation is actually not an additive process. In fact, it is a 
growing process as shown in Figure 4.11. It allows us to grow an oxide layer on 
top of a Si substrate; however, part of the Si substrate is consumed during the 
process. The most common process is to grow a thin layer of silicon dioxide on 
top of a Si substrate. The process occurs inside an oxygen-rich chamber where 
the operating temperature is ~ 12(X)"C. In our case, it was used for silicon 
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Figure 4.11. Schematic of the thermal oxidation process. 
4.1. 4. 4 Parylene deposition 
Poly-para-xylylene (in short 'parylene') is an extremely conformal 
polymer material. It is in a dimmer form at room temperature and has three 
types: C, D and N. They have excellent mechanical and electrical properties as 
shown in Table 4.2 [23]. 
Table 4.2. Properties of parylene C, D and N [23]. 
PROPERTIES PARYLENE C PARYLENE D PARYLENE N 
Melting point CC) m 
Coefficient of 3.5x10-' Nil 6.9x10 ' 
thermal expansion 
(K-丨） 
Young's modulus 32 1 8 2 4 
(GPa) 
Density (g/cm') L m 1418 iTlTo 




The most commonly used type is parylene C. Mechanically, it has a 
relatively low Young's modulus which means that parylene C is flexible and 
not easily broken. Also, in our project, the most promising property of parylene 
C is that it was relatively large coefficient of thermal expansion when 
compared to traditional materials used in MEMS devices. It can also act as a 
barrier to oxygen, moisture, chemicals, solvents, and carbon dioxide. Therefore, 
for an actuator working in an aqueous environment, parylene is an excellent 
material for acting as a structural material. Especially, in biological fluid 
environment, parylene can act as a protective layer for a device/structure, since 
it is a bio-compatible material. Moreover, parylene can be deposited at room 
temperature, making it a low stress coating material. More advantages of using 
parylene as a structure layer can be found in [24]. 
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Figure 4.12. Labcoter machine. 
The machine we used for coating parylene is the Model PDS 2010 
LABCOTER®2 as shown in Figure 4.12 [23]. The schematic of a parylene 
coating process machine is shown in Figure 4.13. It consists of three main 
chambers: vaporizer, pyrolysis and deposition chamber. The deposition settings 
we used for these chambers are shown in the table below. The process begins 
with the solid dimmer form of parylene C inside the vaporizer. The solid 
dimmer is vaporized at ~ 135^C and changed into vapor form (Di-para-
xylylene). The vapor is then passed through the pyrolysis chamber (at 690®C) 
and will be further broken down into monomer (para-xylylene). The monomer 
will enter to the deposition chamber at room temperature and deposit on top of 
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any surface inside the chamber. The monomer will link up again on surfaces 
and become poly-para-xylylene. Some of the dimmer may leave the chamber 
without sticking on any surface. They will be finally stuck on the wall of the 
cold trap and be blocked from entering the mechanical pump. 
Table 4.3. Deposition settings of different chamber 
CHAMBER TEMPERATURE^ PRESSURE 
Vaporizer 135°C ~0.5TOIT 
Pyrolysis 690 "C -ITorr 
Deposition 2 5 ^ -O.lTorr 
chamber 
CIt ^ C * … ^ •• -• 
• 一各••一 一 一 • 一 辨 I— —J n 
Di paraotylyfene para-xytylene Poly(para-xylyltMi«) 
(Ointer) (Monomer^ (Polymof) 
1) Vaporize 2) Pyrolizo 3) Deposit 
ISO C I • I 、 ， . C ^ I 2 5 ' C " I ^ .70 C 今 0 001 torr 
1 0 torr -0.5 torf 0 1 \on 
f ' ^ ― 
O Mechanical 
r , , Vacuum Pump 
Chamber 
Figure 4.13. Schematic of a parylene coating machine [23]. 
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4.2 Fabrication process of thermal actuators/grippers 
In Chapter 1，we have discussed the design, modeling and several 
analyses related to the performance of a thermal actuator. Based on those 
results, the mask and also the fabrication process were designed. 
4. 2 . 1 Fabrication of thermal actuators 
4. 2 . 1 . 1 Mask design and making 
The L-edit® (developed by Tanner [25]) is a conventional software for 
mask design and is a 2-D mask layout software. The thickness of each layer can 
be predefined for each process in a library. When a predefined process is 
selected from the library, the properties of each layer are fixed, i.e., properties 
such as whether it is a subtract!ve or additive layer, thickness, and the type of 
film used. Moreover, a new process library can be defined by users. Since the 
fabrication process of our thermal actuator is not a typical process that can be 
found in L-edit, we design a custom process library for this project. The 
number of mask needed was four in our process and they are shown in Figure 
4.14. There were 4 x 5 arrays of cantilever actuators in the mask design and 
those actuators are in different dimensions for testing purpose. The thickness 
and material used for each layer is listed in Table 4.4. Also, whether image 
reversal should be carried out for a particular layer is shown in the last column 
of Table 4.4. The values of those thicknesses were determined by theoretical 
modeling as discussed in Chapter 1. 
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Figure 4.14. Mask design for the thermal actuator. 
Table 4.4. Composition of thermal actuator. 
^ L A Y E R MATERIAL THICKNESS IMAGE 
NUMBER REVERSAL 
1 Aluminum (sacrificial ~1.5|j,m NO 
layer) 
2 Parylene (bottom ~03\im NO 
layer of actuator) 
3 Platinum (middle ~0.2|im ^ 
layer of actuator) 
4 Parylene (top layer of ~0.1 |im NO 
actuator) 
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The masks used for fabricating the actuators were a conventional 
patterned chrome masks. A chrome mask consists of a chromium layer on top 
of a transparent glass substrate. There are two ways to make this chrome mask 
in our laboratory. The first method is to print a transparency from a high-
resolution laser jet printer. Then, this transparency is used to pattern a chrome 
mask. The chrome masks we used were bought from an outside company, and 
already have a layer of PR on top of them. The process flow for mask making 
is shown in the table below. 
Table 4.5. Process flow for mask making. 
CROSS-SECTIONAL VIEW ^ ~ = PROCESS 1  
The transparency was 
UV light 
！ ！ ^Transparency brought into contact 
• H I ^ ^ ^ ^ ^ ^ H H I t c h r o n n i u m with the chrome mask 
I— ^^Transparent glass 
and used to pattern the 
chrome mask by 
exposing to UV light 
(90 seconds) 
The chrome mask 
Photoresist together with PR was 
p i H I H J B b H B B d H Chromium 
I ’ Transparent glass put into AZ300 
developer for PR 
etching. 
Chrome etchant was 
used to etch 
chromium. Finally, 
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acetone was used to 
M — — • • Chromium wash away the top  
Transparent glass 
layer of PR. But if the 
PR cannot be etch 
fully, PR stripper with 
moderate heat (~50°C) 
could be used for 
stripping. 
The above process is fast and low cost. However, the resolution is 
limited by the dot size of the printer. The diameter of the dot size cannot be too 
small and it is around several microns. Also, the dot leads to the non-stop edge 
pattern of lines as shown in Figure 4.15 (b). Therefore, if high resolution is 
required, the mask can be fabricated by using a Laser-beam (i.e., refer to 
http://www.mff.ust.hk) to directly write the pattern on the chrome mask. 
Pattern made by this Laser-write method is shown in Figure 4.15 (left one). The 
smallest feature size of it is �1 
(a) Pattern made by Laser (b) Pattern made by transparency 
direct write mask mask 
Figure 4.15. Optical microscope image of the edge of across pattern. 
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4. 2.1. 2 Process flow 
The process flow of fabricating our thermal actuator is shown in the 
table below. The cross-sectional view of the chip in the first column is the state 
achieved immediately after carrying out the steps described in the second 
column. In the process description below, all the photolithography steps are 
skipped as it is a common process during fabrication, (the detailed steps were 
described in Section 4. 1. 1). In the following table, the word 'photolithography 
process' means 1) apply PR, 2) transfer pattern from mask to PR, and 3) 
develop PR. 
Table 4.6. Fabrication process of the thermal actuator 
CROSS-SECTIONAL VIEW STEPS = 
i) The wafer was dipped 
inside 1% aqueous HF-
Silicon wafer 
solution for a very short 
time to remove the oxide 
and dust on top of silicon. 
Cantilever beam body ii) A thin layer (~ 6000A) of 
Mmmmmmm^mKmammmmmm Silicon dioxide silicon dioxide was 
Silicon wafer ~ 
grown on top ot a silicon 
Bond pad wafer by wet oxidation. It 
mmmmmmmm acted as an electrical and 
thermal insulator from 
device to substrate. 
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Cantilever beam body i) A sacrificial layer 
Aluminum 'Aluminum' about 2|j,m 
p a m m n H H B m H H B H B B B B l ^ Silicon dioxide 
Silicon wafer was deposited by thermal 
evaporator. 
Bond pad 
ii) AZ5214 PR was spun and 
patterned by 
photolithography. The 
spin rate was 3500rev/s. 
iii) AZ300 developer was 
used to etch the unwanted 
PR (to open a hole for 
etching the aluminum 
underneath). 
iv) Phosphoric acid was used 
to etch the aluminum. In 
order to speed up the 
etching time, phosphoric 
acid was heated up to 
40OC in a water bath. 
V) The remained PR was 
washed away by acetone. 
vi) The sample was dipped in 
IPA to wash away 
acetone. Then, water was 
used for rinsing the 
5 0 
sample. 
vii) Wafer was dried by using 
nitrogen gun. 
Cantilever beam body i) Parylene (0.3|im) was 
Parylene COated a t lOOlTl 
Aluminum 
^ • • • • ^ • • • • • • • • • • • • • • i K Silicon dioxide 
temperature by using the 
Silicon waler 
Labcoter. 
Bond pad ii) photolithography process 
iii) Etched the parylene layer 
by oxygen plasma (RF 
power=60W). The etch 
rate was ~3mins for 
0.2)im. 
Cantilever beam body i) Photolithography process. 
Platinum However, an image 
Titanium 
Parylene 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ Aluminum reversal process was 
• • • • • • • • • • • • • • • ^ Silicon dioxide 
Silicon wafer required this time since 
lift-off process would 
Bond pad 
followe immediately. 
ii) Titanium was, then, 
sputtered on for ~5mins 
at RF power of lOOW. 
The thickness was around 
several hundred 
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angstroms. This layer was 
“used to promote the 
adhesion between 
platinum and silicon 
dioxide. 
iii) A thin layer of platinum 
(0.2 jim) was sputtered on 
top of titanium by a DC 
power of 200W. The 
deposited rate was 4A/s. 








Parylene ii) Photolithography process 
Aluminum 
Silicon dioxide 
Silicon wafer iii) The top and the bottom ’ 
layer of parylene were 
Bond pad 
etched at the same time 
by oxygen plasma. The 
aluminum layer was then 
exposed. 
Cantilever beam body i) Dilute phosphoric acid 
(85%) was used to etch the 
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Parylene aluminum layer. This is the 
Platinum 
I" " " ^ " " " " " " " " " " " " " " " Titanium 
Parylene sacrificial release process. The 
Aluminum 
Silicon dioxide 
Silicon wafer thermal actuator was then 
freely suspended in the acid 
Bond pad 
solution. 
4. 2. 1 .3 Fabricated samples 
The figures below show the samples of the fabricated thermal actuators. 
"TTOMIII 
"'^HBIHB^ 
Figure 4.16. Fabricated samples of the thermal actuator. 
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4. 2.1. 4 Problems encountered during fabrication process 
In the above fabrication process, the aluminum sacrificial layer can be 
replaced by PR. PR can be spinned on and etch away by acetone easily. 
However, during the fabrication process, the substrate is heated up many times 
due to both the deposition and baking processes. Thus, the PR sacrificial layer 
can also be heated up at the same time and, thus, can be hardened. The problem 
occurs when PR was used as a sacrificial layer, and it could not be easily 
washed away by acetone. Therefore, PR stripper was used to strip the PR while 
heating it moderately (up to 50"C). Moreover, the adhesion between PR and 
silicon is not good enough for small feature size. They peeled off as shown in 
Figure 4.17 (a). The adhesion can be promoted by applying HMDS before 
spinning on PR as shown in Figure 4.17 (b). Since HMDS is extremely 
poisonous, it should be handled inside a fume board. 
； ， ^ ' � - 1 - - ？ 
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a) Without applying HMDS b) With application of HMDS 
Figure 4.17. Comparison on the adhesion of PR to silicon substrate with HMDS and 
without HMDS. 
Another problem was that parylene could not stick to a silicon substrate 
well enough. The simplest way to solve this problem is was to clean the 
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substrate as much as possible. However, to set a better adhesion, an adhesion 
promoter A174 silane must be used. It can be spinned on to the substrate before 
coating parylene or put a few drops inside the deposition chamber of the 
Labcoter before coating parylene. 
4. 2. 2 Fabrication of multi-finger gripper 
4. 2. 2. 1 Mask design 
The number of layers for fabricating a multi-finger gripper is the same 
as that of the single arm thermal actuator as described in Section 4. 2. 1. 1 . 
There are two types of designs for the multi-finger gripper as shown in Figure 
4.18. The first design of the gripper simply consists of four or more single arm 
thermal actuators called 'fingers'. The platinum heaters of individual fingers are 
connected to each others and finally conversed into two bonding pads per 
gripper. Thus, when voltage is applied across both bonding pads, all the fingers 
will curl up and close at the same time. For the other design, the difference is 
that the fingers can be controlled individually instead of simultaneously. A 
common ground was designed for the gripper and each finger has its own 
bonding pad. So, each finger will have its own pair of bonding pads and thus 
can be actuated individually. 
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Figure 4.18. Masks for multi-finger gripper. 
Table 4.7. Composition of multi-finger gripper. 
LAYER MATERIAL THICKNESS IMAGE “ 
NUMBER REVERSAL 
1 Aluminum (sacrificial ~1.5)im NO 
layer) 
2 Parylene (bottom ~0.3|im NO 
layer of actuator) 
3 Platinum (middle ~0.2|im ^ 
layer of actuator) 
4 Parylene (top layer of ~0.1 |im YES 
actuator) 
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4. 2. 2. 2 Process flow 
The process flow for the multi-finger gripper is similar to the single-
arm thermal actuator. The only difference is the step for patterning the top 
parylene layer. In patterning the top layer parylene, image reversal was used 
instead of the positive exposure. This is to ensure that the parylene just 
around the actuator will be etched, and all the other parts will still be 
covered by the parylene. The purpose is to cover all conducting wire paths, 
so that electrolysis can be prevented. The process flow is shown in Table 4.6. 
4. 2. 2. 3 Fabricated samples 
The figures below show the samples of the fabricated thermal actuators. 
、 办 … X ; 、 / / r 
t v / ^ 
；••>•'' • . • • ‘ . • ‘ i • . JHt；; 
醉，：「 .. .. .3.;: 
K. . .： ‘ 
Figure 4.19. Fabricated samples of the multi-finger gripper. 
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Chapter 5 Test ing thermal actuators 
In this chapter, the experiments performed for evaluating the 
performance of actuators are presented. For example, I-V relationship, time 
response, tip deflection and output force are discussed. As described in 
Chapter 1, the actuation principle of the thermal actuator is based on the 
stress gradient and bending moment developed between different layers. 
The stress gradient is caused by the difference in thermal expansion of 
layers. There are two methods to induce a temperature change in the thermal 
actuators: 1) passing a current through the resistive heater to increase 
actuator temperature, and 2) changing the temperature of the medium which 
surrounds the actuators to heat them up. We have demonstrated that both 
methods can be used to actuate the parylene-based tri-layer actuators. The 
results are presented in this section. 
5,1 Actuation by applying voltage (underwater) 
5 . 1 . 1 Experimental setup 
In this experiment, the thermal actuators were tested by applying a 
DC voltage. The setup is shown in Figure 5.1. The substrate/chip with 
actuators was placed under a microscope which is connected to computer 
for real time image/video capturing. Micromanipulator station was then 
used to probe the actuators to which DC voltage from a voltage generator 
was applied. In addition, since the ultimate goal is to demonstrate cell 
grasping by using thermal actuators, this experiment was carried out under 
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de-ionized (DI) water. DI water was chosen because it contains fewer 
impurities than tap water. 
I CCD 
Microscope ^ H 
Computer • 
i V 喻 
Micro probe U 
J / ^ ^g^r ^nerato^y 
M i c r o p r o b e s w i t h e lect r ica l 
c o n n e c t i o n s 
Figure 5.1. Experimental setup for electric actuation. 
5 . 1 . 2 Experimental results 
A sequence of motion of a thermal actuator actuated underwater by 
an applied voltage is shown in Figure 5.2. In the figure, two probes which 
connected to the bonding pads of an actuator are shown. This experiment 
was carried out in DI water. The measured resistance of the platinum heater 
was ~90Q.. Dimension of the actuator shown is 2mm x 100|im x 0.6|im. 
The applied DC voltage was varied from OV to 3V within 4 mins to observe 
the actuator's DC response and its current-voltage (I-V) relationship was 
shown in Figure 5.3. The power used was roughly estimated by P=IV. It 
was found that bubbles were generated when the applied voltage was greater 
than 1.8V (electrolysis). At V~2V, the tip deflection was nearly 90", which 
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is defined as full deflection, and the corresponding power consumption was 
~30mW. 
• (aU=Os H： m t=15psec 
rb) t=:30sec � • 卜 
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Figure 5.2. Sequence of motion of an electrically actuated thermal actuator. The voltage 
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Figure 5.3.1-V relationship of the thermal actuator. 
Another design of the thermal actuator was tested and the results are 
shown in Figure 5.4. The heater is in a zig-zag shape. The advantage of this 
shape is the reduction in the power needed to actuate the actuator. The 
concept can be understood easily by comparing it with a U-shape actuator 
(as the one shown in Figure 5.2). The platinum heater contains two parts: 
conducting path and efficient heating path. If they are connected in series 
then both of them will take up power from the source depending on their 
resistance ratio. For a fixed area, the resistance of a zig-zag heater is higher 
than that of a U-shape one. It is because the width and the length of heater 
are narrower and longer, respectively. Consequently, if the resistance of the 
heater is higher, it will take up more power from the source. 
The dimension and resistance if the zig-zag actuator were 
2mmx 158|imx0.45|im and respectively. The applied voltage used 
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was from 0 to 5V within 5 seconds. At V=5, the actuator was bent 
completely (out of the view plane) as shown in Figure 5.4(c). It was found 
that more bubbles were generated from both the bonding pads and the 
probes. Also, the average power input was �6 9 m W . 
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Figure 5.4. Sequence of motion of an electrically actuated thermal actuator. The voltage 
was changed from 0 to 5V within 5 seconds. Similarly, at V=~2V, electrolysis occurred and 
bubbles were generated [26]. 
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5 . 1 . 3 Discussion 
In the above experiments, we have shown that our actuators can 
work with input voltage of several volts (<5V). This matched with our 
theoretical prediction described in Chapter 3，i.e., the actuator can be 
actuated under 3V. Also, the order of the power input was in mW. This input 
power is relatively low when compared with the prior work on cantilever 
actuators as listed in Table 5.1. Most of the research groups did not 
demonstrate the underwater actuation. The ones who had demonstrated 
underwater actuation, the applied voltages were up to a hundred or thousand 
volts. 
Table 5.1. Prior work on cantilever actuators. 
—•‘ 
Groups Principle Structure Size/grasp Comments 
Strength Weakness 
H. Fujita Thermal Multifinger: Size: - Surface - >100 V for 
(UTokyo. Polyimide/Au 200 |im micromachi single 
Japan) C-shape long, 45 ning finger in 
Transducers |im wide - 7 V al 4 mA dielectric 
,95 in air fluid 




C. J. Kim Pncumalic Microcage: Size: - Surface - Micro 
(UCLA, Cr/Au Cage micromachi fixture 
USA) IEEE bimorpli diameter ning - The shape 
MEMS 1999 ~900|xm - At - lOpsi of fingers 
maximum is fixed 
Grasp: pressure 
Volvox - work in bio 
-400 lim solution  
P. Dark)， Piezoelectric 2 fingers Size: - LIGA - driving 
(MiTech 0.5mm gap technology voltage: up 
Lab) Italy distance - Gripper to lOOOV 
IEEE ICR A 500|Jm sticks on a 
1998 thick workstation. 
-Displacemen 
Grasp： t: 100-
inserl 200|am for 





However, as learned from our experiments, the most challenging 
point for underwater actuation is the bubble generation due to electrolysis. 
Normally, when the applied voltage is larger than �1 . 7 V underwater, 
bubbles will be generated from both electrodes (bonding pads or conducting 
wires in our case). As shown in both Figure 5.2(g) and Figure 5.4(c), 
bubbles started to grow from the metal/water contact. But, no bubble 
appeared on the surface of the cantilever beam which was covered by 
parylene C. Therefore, we tested parylene as a protective layer for 
preventing bubble formation. That is, to cover all the conducting wires and 
bonding pads by parylene coating. The difference between parylene coated 
and no parylene coated pads under DC voltage application is shown in the 
figure below. For the sample that was coated by parylene, no bubbles were 
generated even when the applied voltage was brought up to lOV. 
(a) Bonding pads without parylene (b) Bonding pads with parylene 
coating. coating. 
(c) Conducting wires without (d) Conducting wires with parylene 
parylene coating. coating. 
Figure 5.5. Prevention of bubble formation by parylene coating. 
64 
According to Figure 5.3, the required voltage for full deflection of 
the actuator was ~2.5V. This is the same as the theoretical prediction as 
shown in Figure 3.9. A comparison of the experimental and theoretical 
results for the relationship between power, current, and voltage is shown in 
Figure 5.6. As shown, when the actuator is fully deflected (�2.5V)，the 
theoretical and experimental values for power and current differ only by 
- 6 % . 
9 0 ~T ~A~Cu「「en1: vs. voltage (experimental)  
£ 8 0 - - B  
> Power vs. voltage (experimental) ^ 
1 7 0 - y f ^  
(D Current VS. voltage (theoretical) rVp 
I -- j g 
0- 5 0 — -B-Power vs voltage (theoretical)  
f 40 
” I I 
0 1 2 3 
Vol tage (V) 
Figure 5.6. Comparison of the experimental data to theoretical values. * 
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5.2 Actuation by water bath heating 
5. 2 . 1 Experimental setup 
The experimental setup for actuation by water bath heating is shown 
in Figure 5.7. The substrate put under water was placed on top of a hot plate, 
and under a Hyrox optical microscope. The water was heated up by the hot 
plate and the water temperature of was measured by a multi-meter 
connected to a thermal couple. Hyrox optical microscope can act as a 3D 
microscope, which can be used to observe the actuation of the actuator from 
different angles of view. 
. ‘ - i f l j E J H Petri dish with cells and 
； l l l j l j l l l ^ ^ grippers  
Multi-meter connected to  
thermal couple  
Figure 5.7. Experimental setup for water bath heating 
5. 2. 2 Experimental results 
For actuation by increasing the fluidic medium temperature, the 
experiment was also carried out in DI water. Sequences of images on the 
motion of two actuators using this method are shown in Figure 5.8. In both 
cases, the water temperature was increase from 23®C to around 60°C by a 
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hotplate in 4 minutes. However, the two actuators reacted differently. The 
left one curled up during heating, while the right one curled down. This was 
because the thickness ratios of these actuators were different. For the left 
actuator, the thickness of the top parylene layer was thicker than the bottom. 
But for the actuator on the right, the situation was reversed. As mentioned in 
Chapter 1，the difference in the thickness ratio will result in different motion. 
Also, the initial curl up of the actuator was due to the residual stress 
developed during fabrication process. The lengths of these two actuators 
were �2 m m . 
(a) time=ti (d) time=ti . 
(b) t ime= t 2 � e ) t ime=t2 
(c) t inie=t3 ( f ) t ime=t3 
Figure 5.8. Two thermal actuators actuated by water bath heating. (aHc) The actuator was 
initial curled up after sacrificial release process, (d)-(f) This actuator was initially curled 
down after the sacrificial release process. 
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5. 2. 3 Discussion 
The thermal actuator developed in this project was designed to 
actuate when a change of temperature occurs inside the actuator structure. 
Hence, it can be actuated not only by induced current heating within the 
actuator, but it can also be actuated when the environmental temperature 
change is enough to cause a temperature change within the actuator. From 
the above experiment, we demonstrated ~40oC change in the fluidic 
medium temperature will cause the actuator to deflect into a full closure 
position. 
An advantage of using this actuation technique is that only external 
thermal energy needs to be applied to the medium, and therefore the 
actuators can be actuated without electrolysis. Also, it is a useful method to 
estimate the actuation temperature of actuators, though it is an indirect 
method. For instance, we can actuate an actuator first by varying an input 
voltage and record its voltage-deflection relationship. Then, the actuator can 
be actuated by the water bath heating method to provide the temperature-
deflection relationship. Then, by comparing the deflection and temperature 
data, we can get the corresponding temperature and voltage information at a 
particular tip displacement. This technique is probably more useful than 
employing an IR camera to measure the actuator temperature. The spatial 
resolution of IR cameras is still quite limited, i.e., to achieve ~5um spatial 
resolution of a commercial IR camera may cost up to US$50,000. 
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Moreover, the water bath heating experiments also validate the 
theoretical predictions stated in Chapter 3. That is, with a change of 
temperature of 40°C, the designed actuator should reach full deflection. 
5.3 Frequency response and force analysis 
5. 3 . 1 Frequency response 
One of the key factors to evaluate the performance of an actuator is 
how fast it can response to an input signal. We have driven the actuator (as 
shown in Figure 5.2) by inputting square wave voltages with frequencies 0.3, 
0.5, 0.6，3.0, 5.0, 6.0, 10.0, 15.0’ 20.0 and 24.0Hz. The voltages were 
oscillating from 0 to 1.8V in unipole. 
The formula for damped vibrational resonant frequency of a 
cantilever beam is well known and can be expressed by: 
where the term 
is defined as cOij and is the natural 
resonant frequency of the beam; E, b, t, and L are the beam parameters as 
defined in Chapter 1, and m is the mass of the beam. Also, ( i s the damping 
ratio, which is defined as the ratio between the viscous damping coefficient 
Cf and the critical damping coefficient Co=2mco,^ . Experimentally, we 
observed that they can be fully actuated up to 3 Hz in liquid medium with 
full deflection; hence, the viscous damping coefficient is -0.99 for these 
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actuators base on (11), which implies that damping in liquid environment is 
significant. The actuators were observed to respond up to 24Hz input, 
although with diminished tip deflections. 
5. 3. 2 Force analysis 
Calibration of gripping force and lifting force of these polymer 
actuators is difficult by conventional techniques since these actuators have 
large deflections and are under water. Eventually, we will fabricate different 
dimensions of silicon blocks to calibrate the force output of the actuators. 
However, the minimum force output of an actuator must exceed the sum of 
the fluid drag, gravitational and bending stress forces in order for it to actuate 
and grip a cell (Figure 5.9). Note that in a liquid medium, capillary force (a 
surface force) between the actuator and the substrate is not a concern because 
of the absence of air-liquid interface as in the case for actuation in air. So, the 
following simple analyses were used to give an order of magnitude 
approximation to the lift force. 
Fluid Drag Force 
The Reynolds Number Re for a body moving in a fluid is calculated as 
Re=pUD(/jU. For this problem, p is the density of water, U is the velocity of 
the moving actuator, D^ is actuator characteristic length scale and ju is the 
fluid viscosity coefficient. To estimate the velocity of the actuator, we 
assumed that for a 2mm x 100|im x 0.6jim actuator (as shown in Figure 5.2)， 
the tip will reach 90" within 0.33sec (3Hz actuation). Then, referring to Fig. 
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10’ 7I/2/(0.33)*2= 9.5mm/sec. Using a characteristic length of L=2mm, 
then Re is <1, which means that the flow is laminar and hence we can assume 
the skin friction is negligible, and the only source of drag force is pressure 
drag (form drag). Then, assuming the worst case scenario where a ID uniform 
free-stream flow impinging on a stationary plate, the drag force Fp can be 
calculated using Bernoulli's Equation: 
Fp=pU~A/2 (12) 
where A=b乙’ (b is the width and L the length of the actuator) which is the area 
impinging on the flow, p is density of water, and U is the average velocity 
(9.5mm/sec). Hence, f), ~13.7nN. 
Weight of the Actuator 
The weight of the actuator body F,,, is mainly that of the platinum film 
(0.2|im). Hence, F,„~/7/:>Lr=8.4nN, where p is the density of platinum 
(211 OOkg/m"^ ), and b, L, and t are the actuator parameters as defined in 
Chapter 1. 
Force to Bend the Actuator 
Using linear bending beam theory, the actuation force required to 
deform a beam with a spring constant k=3E{bt^/\2)/L^ by a distance y is 
approximated by Fk=ky~02nN. This is the force produced by the beam 
caused by the thermal induced stress of the beam. 
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Therefore, the total minimum force output for a 2mm x 100|im x 
0.6|Lim actuator with 3V input (~33mA) is F,„+Fp+Fk and is ~14.7nN based 
on the above analyses. 
Note: unlike actuation in Utip 
air, surface forces such •... Thermal 
as capillary force is not a =丨d ^ I j l ^Z induced force 
factor for underwater fj^ ce i J (distributed along 
actuation (no air-liquid , / j f j the actuator) 
interface). / ‘/, 
\ / f/ 
vXci tyo f 丨 广 》 广 m = mass of actuator 
actuator ; / . ' r g = gravitational constant 
！ / mg Q - angle between the 
substrate plane and the 
一 - ^ � ^ ^ ^ ^ ^ line formed between the 
anchor and tip of the 
^ ^ ^ ^ ^ actuator 
Figure 5.9. Illustration showing various forces acting on the actuator. 
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Chapter 6 Cell grasping system 
Having proved the actuation of a polymer-based micro thermal 
actuator, we have demonstrated the grasping of a live cell. This is the 
ultimate goal for this project. In this chapter, cell grasping by using a single 
finger and a multi-finger gripper is presented. Also, the development of 
MEMS chip incorporated with multi-finger grippers is discussed. In the last 
section, we will propose an idea of a computerized cell grasping system. 
6.1 Demonstration of cell grasping using single arm gripper 
In Chapter 5, thermal actuators which can operate underwater with 
comparatively low voltage were reported. By using these actuators, we have 
demonstrated cell grasping. The experiment was carried out through a water 
bath heating method as described in Section 5.2. The water bath heating 
method was used is because the temperature of the actuator can be 
monitored accurately, and therefore, we can prevent the cell from 
overheating. The cells used were the follicle/embryo of a fish cell "Danio 
rerio'. They were in a spherical shape and their average diameter ranged 
from 500|im to 1mm. An image sequence of cell grasping by a thermal 
actuator heated by its fluidic medium is shown in Figure 6.1. The 
temperature of the fluidic medium was changed from 20"C to ~60°C. 
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(a) t=Osec (e) t= 120sec 
、々 .、..二' i. .》"•；•. . »>： i V' V . 
“ ；’ . •.〈:：. 
.‘‘： 
(b) t=30sec (f) t=150sec 
• H H H t t l S S ^ ^ i S i i i ^ H I S I H i H I l WmHWiPWilTOTjSHBFillMMIf. 
(c) t=60sec (g) t=180sec 
麵 % 
Ijjjjpl^ ‘ 
“ ‘ (d) t=90sec (h) t=210sec 
Figure 6.1. Demonstration of cell grasping using water bath heating. 
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Another picture of cell grasping is shown in the figure below. The 
diameter of the cell was around 1mm. The temperature of the water was 
~60"C. The embryo inside did show motion while the actuator was holding 
it, which implies that the embryo were still alive. 
• • . , . 
I ' . : 、：r 
I . . . . … 
‘V 
Figure 6.2. A follicle of Danio redo "was grasped. The smallest dimension we can grasp is 
500|im in diameter. 
6.2 MEMS chip with multi-finger grippers 
Having demonstrated cell grasping by a single arm gripper, we are 
going to design a chip incorporated with grippers which can be integrated 
with a circuit board for computer control of grippers. Here, we simply call it 
a 'MEMS chip'. It consists of two parts: a silicon substrate with grippers 
and a supporter. A sample is shown in Figure 6.3. Each gripper on the 
substrate is connected to a pair of bonding pads, and the bonding pads is 
bond to the legs of the supporter by gold wires. Those legs can be connected 
to circuit for computer control. 
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Figure 6.3. Sample of a MEMS chip attached to a PCB board which is housed by an IC 
socket. 
6. 2 . 1 Mask design for MEMS chip 
The mask design is shown in Figure 6.4. It is a 2cm by 2cm square 
chip with bonding pads at the periphery. Multi-finger grippers were built 
inside the inscribed square (1cm by 1cm). They are connected to the 
bonding pads by conducting wires. Therefore, voltage can be applied across 
the bonding pads and the corresponding gripper can be actuated. The 
detailed layouts of the grippers were discussed in Section 4. 2. 2. Also, the 
fabrication process of this chip is the same as discussed in that section. The 




= • T T T " I T T T T T w t t T • = h 
； i l [TTT ； 
• I cm rp^-J • 
_ _ 
r — ^ I r ^ i| J m L h ： 
J Multi-finger gripper ： \ g 
1 " i T r n \ 111 • 
• • • • • • ^ U B i i i a B i p i l i B H H I 
_ •• Z Conducting wire 
Bonding pad 
Figure 6.4. Mask design for MEMS chip. 
Figure 6.5. Fabricated MEMS chip. 
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6. 2. 2 Actuation of thermal gripper in air 
The actuation of the grippers in air was done by applying voltage 
across the bonding pads. As shown in Figure 3.4, the heat loss of the 
actuator to water is larger than that of air. As a result, less energy is required 
for actuation in air as shown in Figure 3.10. The length of each finger is 
~lmm. In Figure 6.6 (c), the gripper was in full deflection except for one 
finger. And if the applied voltage was further increased, the fingers curled 
so that it can form a closed circle. The maximum voltage applied was 3V 
and the deflection of the finger was more than 90°. 
_ _ 
^ ^ ^ (a) V=0 (b) V=1 
(c) V=2 (d) V=3 
Figure 6.6. The gripper is actuated by applying voltage in air. 
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6. 2. 3 Demonstration of actuation and cell grasping 
The motion sequence of cell grasping using a 4-fingers gripper is 
shown in Figure 6.7. The gripper was actuated by the water bath heating 
method and the temperature of water with respect to time is shown in Figure 
6.8. The captured cell was a crab egg with diameter of ~ 1.5mm. 
BnEni 
(a) t=lmin (d) t=4mins 
(b) t=2mins (e) t=5mins 
B^ l^jjj^ l^ 
(c) t=3mins (f) t=6mins 
Figure 6.7. Sequence of motion of a multi-finger gripper. 
7 9 
8 0 
_ 7 0 - -
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, ： ^；：： ^ ^ ^ 
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^ 10 
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Figure 6.8. Relationship between the temperature of the water and time. 
6. 2. 4 A flexible cell grasping motion 
In order to have a more flexible grasping motion of the gripper, the 
gripper is designed so that its fingers can be actuated individually. The 
design is described in section 4. 2. 2. The corresponding circuit design for 
individual finger actuation is shown in Figure 6.9. In each branch, a finger is 
connected with a variable resistor and a switch. The function of the variable 
resistor is to indirectly adjust the current which flows through the finger. As 
a result, the power input to the finger can be varied and also the grasping 
motion. The experimental result for the actuation is shown in Figure 6.10. 
The two fingers on top side show movement while voltage was applied 
across them. Their motions were independent. The dimension of each finger 
was 1.6mm x 200|im x 0.6|im and the heater resistance was ~400n The 
applied voltage was up to 2V (D.C.). 
80 i 
L z ^ — — V C V H H 
議 f e .「,:“. . _ ： _ ^ ‘ - 11識 
Figure 6.9. Conceptual circuit design and the actual circuit board for controlling individual 
gripper finger motion. 
晒晒 
mm麵 
(a) initially position (b) ‘top-left, finger curls 
_ _ mmmrn 
(c) 'top-right' finger curls (d) both the top fingers curl 
Figure 6.10. Demonstration of actuation of individual finger. 
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6.3 Proposed cell grasping system 
The conceptual design of the cell grasping system is shown in Figure 
6.11. The MEMS chip is placed at the bottom of a water tank. The chip is 
housed in an IC socket which has legs exposed outside. By doing so, we can 
prevent electrolysis from occurring during actuation of the gripper, because 
all the electrodes are placed outside the water. The legs of the IC socket 
which houses the MEMS chip are then connected to either a circuit board 
with IC chip or directly to a computer. This will allow us to program the IC 
chip for controlling the movement of grippers. The motion can be monitored 
by a CCD camera. Later, if we can measure the actual displacement of the 
gripper's finger, feedback control can also be integrated. 
CCD \ 
\ 
Water tank \  
MEMS chip packaged \ ^ ^ ^ ^ y / 
with IC socket ^ ^ 
wires 
Figure 6.11. Conceptual design of the cell grasping system. 
82 
Chapter 7 S u m m a r y and future w o r k 
7,1 Summary 
A novel polymer-based micro thermal underwater actuator/gripper 
was developed. The actuator is a trimorph structure with parylene as the top 
and bottom layers and platinum as the middle layer (metal heater). Parylene 
is a polymer which has excellent mechanical and chemical properties, which 
provided protection to the inner metal heater from being exposed to the 
fluidic environment and thus reduced heat loss for the actuator. Structural 
modeling and heat transfer analysis of the actuator were performed to 
optimize the actuator design. The author demonstrated that a thermal 
actuator with dimension of 2mmxl(X)iimx0.6|J,m can be actuated underwater 
with an input power of -lOOmW. The temperature of this actuator was 
estimated to be ~60®C for full deflection, which is a comparatively low 
operating temperature compared to that of the conventional MEMS thermal 
actuators. Two methods of actuation mechanisms were demonstrated: input 
of electrical power and heating of fluidic medium. 
Multi-finger grippers were also developed for cell manipulation by 
the author. It was shown that the cantilever actuators or grippers can be 
actuated and used for cell grasping. A Danio rerio follicle with diameter 
~800|im was successfully captured, and the embryo inside was still alive. A 
chip with multi-finger grippers was also developed, which will be 
implemented with electrical circuit for computer control by other 
researchers at the Centre for Micro and Nano Systems. We have already 
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demonstrated the movement of the multi-finger gripper both in air and water. 
Also, the gripper was shown to be able to perform individual finger 
actuation, which will provide a more flexible implementation of grasping 
motion in the future. 
7.2 Future work 
In the future, we will focus on several aspects: evaluation of the 
actuator motion, improvement on the design of the micro-gripper, and 
further development of micro-grippers to carry out different biological 
research. 
Although a fabrication process for underwater thermal actuators was 
developed with high yield, it is now necessary to evaluate the performance 
of the actuators from different aspects so that they can be used in real life 
applications. The most important task is the calibration of the relationship 
between the tip deflection and the power input for the actuator. This 
relationship can be somehow extracted from the top view of the actuator as 
shown in Figure 7.1. Other aspects such as force output and fatigue should 
also be investigated in depth. Once the above performance figures are 
determined, further improvement on the gripper design can be made 
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Figure 7.1. Top view of the micro-gripper. By measuring the in-plane tip movement, the 
vertical tip deflection can be calculated. 
As mentioned in this report, biological cells were captured by using 
the developed actuator. The next step is to carry out the cell injection 
process as it is currently done by biologists. As shown in Figure 7.2, we 
have succeeded in an experiment to probe a captured follicle with a pipette. 
Traditionally, biologists use pipettes for cell capturing. But, once the cell is 
fixed, it cannot be moved. Therefore, by using a multi-finger gripper with 
individually controllable fingers, a safe and precise motion of cell grasping 
can be provided in the future. 
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Figure 1.2. Demonstration of cell injection using a microgripper. 
Potential applications for the underwater actuator can be found in 
biological research. For example, the gripper can serve as a tool for 
performing micro cellular surgery as shown in Figure 7.3. The gripper hand 
can be integrated with an arm which can also be a thermal cantilever 
actuator. Thus, the whole setup can be used to capture a floating cell with 
precise motion. 
U l ^ ^ G r i p p e r 
兵：\ I Cel 1 
Nano cutter 
. - -
L — / 
Figure 7.3. Conceptual design of the gripper used to perform micro cellular surgery. 
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A P P E N D I X 
A.l The radius of curvature of a multimorph with n layers when 
subjected to thermal expansion 
Mn g 二 - j ^ ^ Mn 
Mn-1 ^ M— L I Z I Z Z Z Z Z I Z Z ^ I Z J Mn-1 
Fn-1 • Fn-1 
參 
^ F2 F2 � 
M 2 M2 
M I C V X MI 
Fi A 卜 1 
Figure A.l. Schematic of a multimorph 
Let Mi be the bending moment induced by thermal expansion of /-th layer 
and 厂/be the force acting on /-th layer to oppose the bending moment M,-. 
In equilibrium case, 
i f ] = 0 (A.l) 
/=i 
Take moment about point A, 
+ + + ( X r, + (A.2) 
As t is thin, we can assume r is the same for all layer, 
丄 告 （A.3) 
r E.I. 
From (A.2) and (A.3), 
=AF (A.4) 
Considering strain at the /-th interface, 
= ^thermal + ^cLxial + ^hcml 
= + (A.5) 
E-t.h- 2r 
Equating the strain on the interface between /-th and (7+/)-th layer, 
(Xj AT + ~ - i = AT + ^ ^ + ^ 
E 丨 2 r E/+1QA.+1 2r 
1 
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A r — 一 
^^丨-仅“2 / - r , 卜 丨 + / , , 
_ 0 J L 0 
—！―——！― 0 … 0 0 
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where A^ = b-t. 
B ^ T - — C + DF = Q (A.6) 
2r 
From (A.6) and (A.4), 
DF =-BAT + — C 
Ir 
F = -D-'B^T + — D-'C 
2r 
-A'' =-D-'BAT + — D-'C 
2 2r 
- ( 1 - - A D - ' C ) = -AD'' BAT 
r 2 
A- = — ^ — — （A.7) 
-AD-'BM 
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A. 2 Water and air properties [22] 
\\:i!tT pn)i)erlie.s 
Tornp. Vapour Viscosity Thermal Spocific Prandl! Density 
pressure conductivity Heat no. 
capacity 
/bar /kgm-is-i /W m ' K"^ J kg-i K — k g m ^ 
0 0.00610 1.702 x 10-3 0.5B71 4227 12.69 1001 
5 0.008 72 1.484 x10—3 0.5756 4215 10.86 1000 
10 0.012 27 1.302 x 10-3 0.5838 4205 9.38 999 
15 0.017 05 1.150 X 10 ^ 0.5916 4196 8.16 998 
20 0.023 39 1.021x10—3 0.5991 4190 7.14 996 
25 0.031 70 9.125 x 10~'' 0.6063 4185 6.30 995 
30 0042 48 8.196 x lO" "' 0.6132 4181 5,59 99‘1 
35 0.056 30 7.399 x 10 0.6197 4178 4.99 992 
40 0.073 86 6.711x10—‘： 0.6259 4177 A.A8 991 
45 0,095 96 6.115 x lO"' 0.6318 4176 4.04 990 
50 0.1235 5 596x10-4 0.6374 4177 3.67 988 
55 0.1576 5.141 X 10 0.6427 4178 3.34 987 
60 0.1994 4 74? x 10 ^ 0.6477 4180 3.06 985 
65 0.2503 4.390 x 10"" 0.6524 '1183 2.82 98? 
/O 0.3118 4.078 X 10"' 0.6567 4187 2.60 979 
fb 0.3856 3.801x10-*" 0.6607 .1191 2.41 975 
80 0.4737 3.654 X10 ().664b 4196 2.24 972 
85 0.5/80 3.333 x 10"" 0.6679 4201 2.10 968 
100 1.013 2 795 X "lO—" 0.6764 4219 1.74 958 
110 1.431 2.517 X 10"'' 0.6805 4234 1.57 951 
120 1.983 2 287 x 1 0 0 . 6 8 3 5 '1250 1.42 943 
130 2.697 2.094 x 10"^ 0.6853 犯68 1.30 936 
140 3.607 1.932x10—4 0.6859 4288 1.21 932 
150 4 751 1.795 x 10 0.6853 4311 1.13 921 
160 6.168 1.677 X10-^ 0.5837 4336 1.06 910 
VP 7.904 1.575 x1C 4 0.6808 4365 1.01 899 
180 10.01 1.487 x10-'' 0.6769 4399 0.97 887 
190 12.52 1.409 x 10 ‘‘ 0.6/19 4438 0.93 875 
20U 15.62 1.340 x 1 0 — 0 . 6 6 5 7 4484 0.90 862 
？?0 23.15 1 2 2 3 X 10"'' 0.6502 4 5 9 0 0.86 837 
2^ 10 33.42 11?5 x10-"' 0.5304 m A 0.85 809 
260 46,89 1.U37 X lU—.'’ 0.G0C4 4962 0.85 779 
280 G417 9.537 X10-^ 0.5784 b239 0 86 747 
300 85.95 8.69b x 0.5463 5600 0.89 710 
320 113 01 7799 x 10 ^ 0.51 (M 6065 0.93 668 
I 
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Air properties. Values valid over a wide range of pressure (apart from 
density) 
Temp- Viscosity Thermal Specific Prandtl Density at 
erature Conductivity Heat no. 1 atm 
/ C / k g m - ' s ^ /W m ^ K ' /J kg"'' K"^ /kg m " ' 
- 4 0 1.519 X 10-5 0.02102 1002 0.724 1.513 
>20 1.624 X10-^ 0.022 58 1002 0.720 1394 
0 1.724 X10-= 0.024 11 1002 0.717 1292 
20 1.822 X10 ® 0,02560 1003 0.713 1.204 
40 1.916 X10"^ 0.027 07 1003 0.710 1.127 
60 2.008 X 10'^ 0.028 51 1004 0.707 1.059 
80 2 097 x10-5 0.02992 1005 0.705 0.999 
100 2,183 X to-' 0.03131 1007 0.702 0.946 
120 2.267 X 10 “®- 0.032 68 1009 0.700 0 897 
140 2 348 X 10"® 0.034 02 1012 0.698 0.854 
160 2.428 X10-® 0.035 35 1014 0.697 0.815 
180 2 506 X10 5 0 03666 1017 0696 0.779 
200 2.582 x10-6 0.03795 1021 0695 0.746 
220 2.656 X 10 6 0.039 22 1025 0.694 0.715 
240 2 729 X 10 ® 0.040 48 1029 0.693 0.688 
260 2 800 X 10 ^ 0 04172 1033 0.693 0 66? 
280 2.870 X 10—s 0 042 95 1037 0.693 0 638 
300 2.938 X 1Crb 0.04417 1042 0.693 0.616 
320 3 005 X10-^ 0.045 37 1047 0 693 0.595 
340 3.071 X lO —s 0.046 56 1052 0,694 0.575 
360 3136 X 1 0 0 . 0 4 7 74 1057 0.694 0.557 
380 3.199 X 10"® 0 048 90 1062 0.694 0.540 
400 3.26? X 10-^ 0.050 06 1066 0.695 0,524 
420 3 324 X 10"* 0 05120 1071 0.695 0 509 
440 3.384 X10-= 0.052 34 1076 0.696 0.495 
460 3.444 X10 * 0.053 47 1081 0696 0 481 
480 3.503 X 10 ^ 0054 58 1086 0 697 0.468 
500 3.561 X10 ® 0.055 69 1091 0.697 0 456 
520 3.618 X10-' 0 05679 1096 0.698 0445 
540 3.674 X10"® 0057 88 1100 0.698 0.434 
560 3.73C X10-® 0.058 96 1105 0.699 0 423 
580 3.785 X10 ® 0 060 03 1109 0 699 0 4-,4 
600 3839 X 10 0.06110 1113 0700 0 404 
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A.3 Metal etchants 
Metal Etchant Ratio 
Aluminum H20/HF 1: 1 
HCI/HN03/HF 1: 1: 1 
Antimony H20/HCI/HN03 1: 1 : 1 
H20/HF/HN03 90:1 :10 
Bismuth H20/HCI 10:1 
Chromium H20/H202 3: 1 
Cobalt H20/HN03 1: 1 
HCI/H202 3:1 
Copper H20/HN03 1 :5 
Gold Hot HCI/HN03 3: 1 
Hafnium H20/HF/H202 20:1 :1 
Indium HCI/HN03 3: 1 
Iridium Hot HCIIHN03 3: 1 
Iron Hot H20/HCI 1 : 1 
H20/HN03 1 : 1 
Lead Acetic/H202 1 : 1 
Magnesium Hot H20/NaOH 10: 1 by weight 
followed by H20/Cr03 5:1 by weight 
Molybdenum HCI/H202 1 : 1 
Nickel H N031 Aceticl Acetone 1 : 1 : 1 
HF/HN03 1: 1 
Niobium HF/HN03 1: 1 
Palladium Hot HCI/HN03 3: 1 
Platinum Hot HCIIHN03 3:1 
Rhenium Hot HCI/HN03 3:1 
Rhodium Hot HCI/HN03 3: 1 
Ruthenium Hot HCIIHN03 3:1 
Silver NH30H/H202 1 : 1 
Tantalum HF/HN03 1 : 1 
Tin HF/HCI 1: 1 
HF/HN03 1 : 1 
HF/H20 1: 1 
Titanium H20/HF/HN03 50:1 :1 
H20/HF/H202 20:1 :1 
Tungsten HF/HN03 1 : 1 
Vanadium H20/HN03 1 : 1 
HF/HN03 1 : 1 
Zirconium H20/HF/HN03 50:1: 1 
H20/HF/H202 20:1 :1 
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